Prescribing errors are an important cause of patient safety incidents and are frequently caused by junior doctors. This might be because the prescribing competence of final-year medical students is poor as a result of inadequate clinical pharmacology and therapeutic (CPT) education. We reviewed the literature to investigate which prescribing competencies medical students should have acquired in order to prescribe safely and effectively, and whether these have been attained by the time they graduate.
Introduction
Rational prescribing (i.e. effectively, safely and at low cost) is a challenging task for every medical doctor as it involves a mixture of knowledge, skills and attitudes integrated into the complex social context of the clinical workplace [1] . Poor prescribing may result in prescribing errors and adverse drugs reactions, which could adversely affect patient outcomes, leading to hospitalization or even death [2, 3] . There is considerable evidence that junior hospital doctors in the first 2 years of practice after graduation make relatively many prescribing errors (8-10% of prescriptions) and are more likely to make these errors than consultants [4] [5] [6] . This is particularly worrying as junior doctors write a large proportion (68%) of hospital prescriptions [5] .
Studies have identified a range of factors underlying the poor prescribing skills of junior doctors, including individual (e.g. lack of experience), environmental (e.g. high workload), organizational (e.g. lack of standardization) and patient (e.g. polypharmacy) factors [4, 7, 8] . A lack of prescribing competencies (i.e. knowledge, skills and attitudes) among junior doctors is frequently mentioned [7, 9] , which might be due to inadequate undergraduate education and training in clinical pharmacology and therapeutics (CPT). Indeed, a recent study showed that European final-year medical students lacked essential prescribing competencies and felt that their medical curriculum had not adequately prepared them for safe prescribing [10] . Another recent study showed that CPT education across Europe is still mainly based on traditional learning methods (e.g. lectures and written examinations), which seem to be associated with a lower level of prescribing knowledge and skills among final-year students than problem-based learning methods (e.g. patient simulation and real-life prescribing) [11] .
Although these findings are concerning, there is no comprehensive overview of the literature addressing the competencies that medical students should have acquired in order to prescribe safely and effectively as medical doctors, and whether these have been attained by the time they graduate. Previous literature reviews focused mainly on the prevalence and causes of prescribing errors made by junior doctors [12, 13] . By shifting the focus to final-year students rather than junior doctors, we aimed to identify possible shortcomings in undergraduate CPT education that could be improved in the future. To this end, we conducted a systematic search of the peer-reviewed literature with the following two research questions: (i) which prescribing competencies should medical students have acquired in order to prescribe safely and effectively by the time they graduate?; and (ii) do final-year medical students have sufficient prescribing competencies?
Methods

Data sources and literature search strategy
We performed a systematic search to identify descriptive or observational studies of the prescribing competencies of final-year medical students. The review was conducted and performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [14] . The study protocol was registered in the PROSPERO database (registration number CRD42017067063). With the assistance of a medical information specialist (R.O.), we searched the PubMed, Excerpta Medica Database (EMBASE) and Education Resources Information Center (ERIC) databases systematically from the earliest dates up to 10 January 2017. PubMed was used as the standard medical research database, and the EMBASE and ERIC databases were used to detect articles published in more educationorientated journals. For each database, the search terms used were variations of three key concepts: competence, prescribing and medical student. Full details of the search strategy in PubMed, EMBASE and ERIC are provided in Appendix S1. Duplicate articles were excluded and the remaining articles were screened for eligibility. Articles that were not available in digital form were retrieved from national university libraries or from the original author. The references of relevant articles were also screened using the forward and backward snowball method [15] .
Study selection
First, two researchers (D.B. and S.G.) screened the titles and abstracts independently for eligibility. Disagreements were resolved by consensus with a third researcher (J.T.). Articles were included if they described prescribing competencies that medical graduates should have acquired or if they evaluated prescribing competencies of final-year medical students. Prescribing competencies were defined as knowledge, skills or attitudes that are relevant to safe and effective prescribing. Final-year medical students were defined as students who would graduate from medical school within 1 year or who had recently graduated but had not yet started working as a junior doctor (i.e. medical graduates). The following exclusion criteria were used: (i) outcome measure not related to prescribing competencies; (ii) intervention studies (e.g. evaluation of a specific educational intervention or teaching method); (iii) not including finalyear medical students (e.g. focusing only on lower-grade medical students, junior doctors); (iv) non-original research (i.e. reviews, editorials, letters to the editor, conference abstracts, symposium reports); (v) articles that only measure psychometric properties of assessments (e.g. validity, reliability); (vi) languages other than English, German or Dutch; and (vii) abstract not available. Reasons for exclusion were documented (Figure 1 ). In cases of doubt, the full-text article was obtained and screened. Thereafter, the researchers screened the full-text articles for eligibility, using the same inclusion and exclusion criteria as above, with the additional exclusion criterion of full-text not available.
Data extraction and quality assessment
Data were extracted using the Best Evidence Medical Education (BEME) Collaboration coding sheet (Appendix S2) [16] . The BEME coding items used were administrative, context, stated aim of study and documented performance. The Kirkpatrick model of hierarchy of evaluation, modified by Freeth, was used to evaluate the outcome level (Table 2) [17, 18] . The
Figure 1
Flowchart of the systematic literature search Prescribing competencies of medical students main CPT topics were identified and the methodological quality of articles evaluating prescribing competencies was assessed using the Medical Education Research Quality Instrument (MERSQI) [19] . It was not possible to use this instrument for articles describing competencies as almost all articles were based on expert opinion and did not provide quantitative data. The MERSQI instrument consists of six domains: study design, sampling, type of data, validation of evaluation instrument, data analysis and outcomes measured. The maximum score for each domain was 3, producing a maximum possible score of 18 and a potential range of 5-18. Although there is no defined cut-off for high-or lowquality study methods, a previous study used a MERSQI score of 14 or higher as a cut-off for high quality [20] . Two researchers (D.B. and S.G.) extracted data and assessed data quality independently, with a third author (J.T.) being involved, if necessary, to reach a consensus.
Data analysis
All descriptive analyses were performed in IBM SPSS version 22.0 (Chicago, IL). The total mean MERSQI score (accounting for 'non-applicable' responses) was calculated. Moreover, the proportion of articles published in different years, on different continents and involving different health professions was calculated. Given the variety of study designs and outcomes studied, no quantitative analysis or additional analysis of risk for bias was performed.
Results
Search results
The initial search identified 3749 articles. The flowchart of the search, selection and review process is presented in Figure 1 . Eleven articles could not be obtained from either the library or the corresponding authors, and were thus excluded. In total, 59 articles met the inclusion criteria; the 1276 references from these articles were snowball-searched, which yielded 13 new articles. In total, 72 articles were included in the qualitative analysis, of which 25 described (Table 1 ) and 47 evaluated ( Table 2 ) the competencies of final-year medical students.
Study characteristics
The number of articles evaluating prescribing competencies was found to have increased in the past two decades, from two articles in 2000 to eight in 2016; a similar trend was not seen for articles describing competencies ( Figure 2 ). Of the 25 articles describing competencies, 12 came from Europe, 10 from North America, two from Asia and one from Australia. In terms of CPT topics, most articles (72%) described competencies in general prescribing. The vast majority of articles (96%) were based on expert opinion; only one used a cross-sectional design.
Of the 47 articles evaluating competencies, 22 were from Asia, 12 from Europe, seven from North America, four from Africa and two from Australia. In terms of CPT topics, most articles (32%) evaluated competencies in antimicrobial prescribing and resistance, and in general prescribing (26%).
Most studies (85%) used a cross-sectional survey as the primary evaluation method; other evaluation methods comprised clinical cases (n = 3) [10, 21, 22] , clinical vignettes (n = 3) [23] [24] [25] , multiple-choice exams (n = 2) [10, 26] , therapeutic consultations with patients in general practice (n = 1) [27] , drug prescriptions during internship (n = 1) [28] and a mixture of quantitative and qualitative methods (n = 1) [29] . In total, 10 339 final-year medical students were involved. The median number of students per study was 104 (range 1-2413). Besides final-year medical students, some studies also involved 1-5th year students (n = 20) [24-26, 28, 30-45] , junior doctors and residents (n = 8) [25, 28, 33, [46] [47] [48] [49] [50] , medical specialists (n = 2) [48, 50] , pharmacy students (n = 3) [32, 51, 52] , dental students (n = 2) [31, 41] and nonhealthcare students (n = 1) [40] .
Study quality
Of the 25 articles describing competencies, four articles (16%) were based on the opinion of experts from one institution, 16 (64%) on the opinion of experts from multiple institutions within one country (four used the Delphi method) and four (16%) on the opinion of experts from multiple countries (one used the Delphi method). Only four Delphi studies described how a consensus among experts was achieved [53] [54] [55] [56] .
Of the 47 articles evaluating competencies, 27 (57%) had a single-institution design, 45 (96%) reported objectively measured outcomes, and 21 (45%) had a response rate <50% or did not report it. Thirty-two articles (68%) did not discuss the validity and reliability of the evaluation method used. Almost all articles (92%) used appropriate data analysis; however, only 30 (64%) used analytical methods other than descriptive analysis. The total MERSQI scores for the articles ranged from 6.5 to 13.5, with a mean (standard deviation) of 10.5 (1.6). Four (9%) articles measured students' perceptions or attitudes as the primary outcome (Kirkpatrick levels 1 and 2a), 41 (87%) measured students' knowledge or skills (Kirkpatrick level 2b), and two (4%) measured students' behaviour (Kirkpatrick level 3).
Which prescribing competencies should medical students have acquired by the time they graduate?
Regarding general prescribing, Sice was the first to define 13 competencies for undergraduate pharmacological education based on his own experience [57] . In 1990, Nierenberg developed a more detailed list of 17 knowledge, 16 skills, and five attitude items relevant for general prescribing, based on a consensus among CPT teachers in the USA [58] . Walley and Webb developed an almost identical list of 16 knowledge, 14 skills and four attitude items based on a Delphi study among clinical pharmacologists in the UK and Ireland [59] . This Delphi study served as a basis for the 2003 British Pharmacological Society (BPS) core curriculum described by Maxwell and Walley [60] , which includes 48 knowledge, 35 skills and 19 attitude items and which was largely taken over in an international paper by Birkett et al. [61] . In 2012, Ross and Maxwell updated the BPS curriculum to 226 knowledge and 58 skills items [62] , based on another Delphi study among CPT teachers in the UK [55] . De Vries [63] and Lum et al. EACPT To develop a list of essential drugs and diseases for a core curriculum in CPT General prescribing Evidence based on the opinion of a working group of 9 CPT teachers from nine different European countries A list of 120 drugs that students must know about, 47 drugs that students must be aware of;
67 diseases that students must know how to treat; 158 diseases that students must be able to diagnose; 36 diseases that students should be aware of
IUPHAR To present a model core curriculum for CPT and prescribing for medical students General prescribing Evidence based on the opinion of clinical pharmacologists from multiple countries 63 core knowledge and understanding, 39 core skill, 19 core attitude learning outcomes for CPT and prescribing education
Pulcini & Gyssens (2013) [68] France and the Netherlands To review the education of prescribers of antibiotics, and analyse and discuss all relevant aspects Antimicrobial prescribing and resistance Evidence based on the opinion of 2 infectiologists from 2 countries 34 learning objectives outcomes for prudent antibiotic prescribing, divided among 10 topics
Ross & Loke (2010) [55] UK; BPS To create a consensus on the required competencies for new graduates in the area of prescribing General prescribing Evidence based on a systematic review and modified two-round Delphi study involving 21 experts in clinical pharmacology, pharmacy and medical education from multiple institutions in one country 50 learning outcomes for prescribing education
Ross & Maxwell (2012) [62] UK; BPS To provide a clear statement of the learning outcomes in clinical pharmacology and prescribing, and to describe a curriculum that might enable medical students to achieve these outcomes General prescribing Evidence based on a previous Delphi study and opinion of 2 CPT teachers from 2 institutions in one country 226 core knowledge and understanding and 58 core skill learning outcomes for teaching clinical pharmacology and prescribing. 98 drug classes and 125 therapeutic problems that students should be familiar with
USA To define the basic objectives for pharmacological education for preclinical students, clerks and residents General prescribing Evidence based on the opinion of 1 pharmacologist from 1 institution 6 learning objectives for pharmacological education for preclinical medical students, 7 objectives for clerks and 5 objectives for residents (continues) [64] described specific competencies related to the process of rational prescribing. Flockhart et al. [65] and Donnenberg et al. [66] used the principles formulated by Nierenberg to develop learning outcomes for a core CPT curriculum in the USA. More recently, Midlöv et al. defined 40 prescribing competencies based on a Delphi study among physicians in Sweden [53] . Competencies mentioned in more than one study are listed in Appendix S3. Besides general prescribing, Davenport et al. defined 12 competencies for prudent antimicrobial prescribing, based on a consensus between two UK working groups [67] . This study served as a basis for the 34 learning outcomes for antimicrobial stewardship defined by Pulcini and Gyssens [68] . Turner and Weiner used a Delphi study among pain specialists to develop 39 competencies for a chronic pain curriculum [56] . Murinson et al. defined 27 learning objectives for general pain medicine, based on a survey among pain specialists [69] . Other areas for which specific prescribing competencies have been described are diabetes care (n = 1) [70] , drug misuse (n = 1)
[71], psychotherapy (n = 1) [72] and pharmacogenomics (n = 1) [73] .
Core drug lists
In 2002, Orme et al. was the first to describe a list of 120 'core drugs' that students should know in detail, and 47 drugs that students should be familiar with but not required to know in any detail [74] . Additionally, they provided a list of 67 'core diseases' that students should know how to treat, 158 diseases that students should be able to diagnose and 36 diseases of which students should be aware. One year later, Maxwell and Walley described a more extensive list of 201 core drugs about which students should have an understanding of the mechanism of action, appropriate indications, appropriate routes of administration, and important contraindications and side effects [60] . In addition, they reported 148 core diseases for which these drugs should be used. This list was further refined by Ross and Maxwell into 98 drug classes and 125 therapeutic problems that students should be familiar with [62] . More recently, Baker et al. developed a validated list of 100 commonly prescribed drugs for use when teaching prescribing, based on a retrospective analysis of prescribing data from primary and secondary care combined with a survey among 148 foundation year 1 doctors [75] .
Do final-year medical students have sufficient prescribing competencies?
Fifteen articles evaluated students' attitudes to, and knowledge of, appropriate antimicrobial prescribing and resistance [23, 24, 35-37, 39, 40, 44, 48, 49, 52, 76-79] . Students generally had positive attitudes and perceptions about antimicrobial overuse and resistance [35, 49, 76, 77] . However, they had poor knowledge of the local prevalence of resistant bacteria [35, 49, 77, 79] and of the treatment and prevention of common infections [24, 49, 78, 79] . Additionally, they lacked self-reported confidence in choosing the correct antibiotic, deciding when to use combination therapy, and choosing the correct dose and interval of administration [35, 36, 77] . Only four studies reported a moderate-to-high level of knowledge about appropriate antimicrobial use among students [37, 40, 44, 52], and two described a moderate-to-high level There was marked variation between study groups in the prescribing of cephalosporin and requesting penicillin skin testing. In general, medical specialists had a better knowledge of penicillin allergy than medical students Prescribing competencies of medical students of self-reported confidence [39, 49] . Most students (74-98%) wanted more training in rational antibiotic selection during medical training [23, 35, 36, 39, 76, 77] . Eleven studies examined students' competencies regarding general prescribing [10, 21, 22, 26-28, 42, 50, 80-82] . Six studies, including a large study of 2413 UK students and graduates, reported that students felt that there was a lack of learning opportunities related to rational prescribing during their medical training, and that they felt underprepared for their prescribing responsibilities [10, 22, 29, [80] [81] [82] . Two studies, including a large multicentre study involving 895 European students, showed that students lacked essential prescribing knowledge and skills for common therapeutic problems [10, 21] . One study reported that students' knowledge and attitudes were satisfactory, although their prescribing skills for written patient cases were poor [42] . Other studies reported that prescribing skills, such as estimating drug costs [50] and drug calculation skills [26] , were deficient. Only two studies investigated students' behaviour in clinical practice. Dyasanoor and Urooge reported that many drug prescriptions written by students during their last internship were erroneous because information about important entries was missing [28] . Conversely, Brinkman et al. showed that students were sufficiently skilled in conducting therapeutic consultations with real patients during the final internship of a context-learning CPT curriculum [27] .
Six studies showed that students had a positive attitude to pharmacovigilance but lacked knowledge about where and how to report adverse drug reactions [30, 41, 43, 45, 47, 83] . Although many students (27-80%) had encountered an adverse drug reaction during clinical clerkships, very few (1-18%) had reported one [30, 43] . Three studies reported that students (72-94%) received no or little training in reporting adverse drug reactions during medical training [30, 41, 83] .
Three studies showed that students generally had poor knowledge of, and negative perceptions about, prescribing generic medicines [46, 51, 84] . They were generally under the misapprehension that generic medicines were inferior in quality, less effective and produced more side effects than brand-name medicines [46, 51, 84] . They generally lacked knowledge of synthetic cannabinoids [85] , cancer pain management [33, 86] and conversion of narcotic analgesic regimens [25] , although the latter study included only one final-year student. Moreover, senior students were more negative about relieving chronic pain and seemed to have less understanding than first-year students of the causes of pain in cancer patients [34] .
Three studies investigated students' knowledge of the treatment of cardiovascular diseases [38, 87, 88] . Two studies reported deficiencies in students' knowledge of diabetes mellitus therapyspecifically, diabetic retinopathy and insulin treatment [38, 87] . Rehman et al. found that students lacked knowledge of the first-line treatment of uncomplicated arterial hypertension [88] . Awad et al. investigated students' knowledge of, and attitude to, alternative and complementary medicines [32] . Although students were positive about complementary and alternative therapies, their self-reported knowledge was poor. Agrawal et al. reported that while students had good-to-excellent knowledge of oral contraceptive pills, they lacked a positive attitude in practice [31] . Ozoh et al. found that students' general knowledge of chronic pulmonary obstructive disease treatment was modest, and that they were not familiar with international guidelines on optimal treatment [89] .
Discussion
This was the first systematic review to investigate which prescribing competencies are required for safe and effective prescribing, and whether these have been attained by medical students by the time they graduate. We identified 25 studies that described a variety of prescribing competencies covering several CPT topics. The vast majority of these studies (72%) reported competencies regarding general prescribing and were based primarily on the early work of Nierenberg [58] and Walley and Webb [54] . Although there seems to be some agreement about specific competencies (e.g. taking drug history, writing prescriptions; Appendix S3), we found no clear consensus among CPT teachers on which prescribing competencies are required before medical students/graduates are allowed to prescribe. A clear definition of competencies is important to steer curricular content -
Figure 2
Identified articles describing prescribing competencies ( ) and evaluating prescribing competencies ( ) per year. Articles published before 2000 (n = 8) were not included specifically, assessmentand students' approach to learning [90] . A lack of agreement on the required competencies of students has also been identified in other areas of medical educationfor example, global health [91] and nutritional medicine [92] . It was not within the scope of the present review to determine why there is a lack of a consensus. One possibility is that most studies (64%) were focused on the local setting in a specific countrymainly the UK and USA. Authors might have chosen this local approach owing to structural differences in medical education between countries. Another possibility is that competencies were rarely the main focus of the retrieved articles, and thus provided little information on which to draw conclusions. Although studies were mainly based on expert opinion, few described how a consensus between experts was achieved. Additionally, most studies did not describe competencies in detail, which makes it difficult to implement relevant changes in the undergraduate CPT programme. Taken together, there is a need for a greater consensus among CPT teachers on detailed requirements for safe prescribing, to ensure that students are exposed to similar basic levels of training. This is becoming more important, given the increased cross-border mobility of medical students and junior doctors [93] .
Notwithstanding the lack of a consensus on essential competencies, we identified 47 articles reporting a general lack of students' preparedness, self-confidence, (self-reported) knowledge and skills, specifically regarding general prescribing, antimicrobial prescribing and pharmacovigilance. These findings are in line with previous literature reviews reporting that medical graduates feel particularly unprepared for prescribing relative to their preparedness for other clinical competencies (e.g. history taking and physical examination) [94, 95] . This lack of competence could at least partly explain the relatively high number of prescribing errors made by junior doctors, and is probably due to inadequate CPT education during the undergraduate medical curriculum. Indeed, recent studies have reported that CPT education is still based mainly on traditional learning methods (e.g. lectures and oral exams) [11] , and is often not taught and assessed separately because the subject is integrated into broader course designs [62] .
What can be done? To improve CPT education in undergraduate European medical curricula, we recently formulated a list of recommendations that could also be useful elsewhere (e.g. the USA) [11] . More emphasis should be given to training medical students in clinical practice, preferably as early as possible during medical training, with students being responsible for patient care under the supervision of a senior clinician [96] . Moreover, prudent antibiotic prescribing and pharmacovigilance should be given more attention as many studies reported that students felt that there was a lack of training in these two subjects. However, as prescribing errors are caused by multiple factors, changing undergraduate CPT education is only part of the solution, and multifaceted interventions in clinical practice are needed that address the different aspects of the prescribing process [97] .
Although our findings are worrying, the results should be interpreted with caution, given the heterogeneity and methodological weaknesses of the included studies.
Studies were generally of a single-institution design and of low-to-moderate quality (mean MERSQI score 10.5), and different evaluation methods were used without their validity and reliability being reported. Moreover, as the vast majority of studies (96%) measured 'soft endpoints' (Kirkpatrick levels 1 and 2) in a controlled setting, it can be questioned whether the same results would be found in clinical practice. It is unlikely that competence in this context would be better, given the high workload, stress and distractions on hospital wards. Taken together, we conclude that there is considerable evidence that final-year medical students lack the prescribing competencies required for safe prescribing.
Our review had a number of limitations. First, articles may have been missed, although we attempted to minimize the likelihood of this by searching three databases and using a snowball strategy. Second, one recent important study was not included because the search was terminated before its publication. The latter study describes the delivery of a national prescribing assessment to 7343 UK final-year medical students in 2016 [98] . Although there was significant variation in performance between final-year medical students studying in different UK medical schools, their overall performance was good (95% passed the test). The study shows that the introduction of a valid and reliable national prescribing assessment is a powerful tool to emphasize CPT in the medical curriculum, and to evaluate and improve the essential prescribing competencies of future doctors. More countries should consider implementing a similar national prescribing assessment. Third, the cross-sectional studies were small and had low response rates. Fourth, a number of potentially relevant studies were excluded because they did not mention students' year of training. Fifth, the prescribing competencies of students might have been underestimated as a result of publication bias that favoured negative outcomes.
Conclusion
Taking these limitations into consideration, there is considerable evidence that final-year medical students have insufficient prescribing competencies, which suggests that changes in undergraduate CPT education are required urgently. Moreover, there is a need for a greater consensus among CPT teachers on the competencies that are essential to ensure that medical students prescribe safely and effectively. Steps are being taken to build a European consensus among CPT experts. The Education Working Group of the European Association of Clinical Pharmacology and Therapeutics is conducting a new Delphi study to achieve a consensus on learning outcomes that should be common to all European undergraduate CPT curricula. Future studies should investigate valid and reliable methods for assessing students' prescribing competencies in clinical practice, especially as current studies lack quality and mainly evaluate competencies in a controlled environment. To develop evidence-based CPT education, further studies of educational interventions with Kirkpatrick's highest level of outcome are needed, preferably with a multicentre design, a large number of participants and a long follow-up. Student-run clinics may be useful for this purpose as they offer students early
